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a  b  s  t  r  a  c  t
This  paper  describes  the year-over-year  improvement  of  the nitrogen  (N)  efﬁciency  in a prototype  mixed
farm system  through  the  implementation  of  a  coherent  set  of  ecotechnological  adjustments.  This  farm,
the  former  APMinderhoudhoeve,  was  located  on  a  marine  clay  loam  soil  in  Oostelijk  Flevoland,  the
Netherlands,  reclaimed  from  the  sea in the  late  1950s.  The  designed  farm  structure  was  representative
for  the  Dutch  soil-bound  agriculture  in  the  late  1990s  in  terms  of  food  crops’  choice  and  average  level  of
milk  production  per ha of  farmland.  Key  management  strategies  were  the  inclusion  of  grass-clover  leys
in the 7-year  crop  rotation,  restricted  grazing  of  the  dairy  herd  and  protein-poor  and ﬁbre-rich  cattle
diets  including  cereal  straw.  The  farm  components  animal-manure-soil-crop  were  analysed  in-depth  in
order to  evaluate  N ﬂows  and  soil organic  matter  (SOM)  dynamics  at the  farm  system  level,  covering  a
period of  six years.  In its ﬁnal  experimental  state,  farm  N use  efﬁciency,  expressed  as  the  proportion  of
purchased  crop  fertilizers  and  cattle  feed  that was  sold  as  exported  products  (crops,  milk  and  cattle),
was  as high  as 73%,  Besides,  total environmental  losses  were  as  low  as  42  kg N ha−1 yr−1. A  scenario
analysis  revealed  that these losses  could  be further  minimized  to 30 kg N ha−1 yr−1 in  the  stabilization
phase,  of  which  one-third  as leached  nitrate  and  a  somewhat  higher  fraction  as  volatilized  ammonia.  The
remaining  losses  represented  mainly  denitriﬁed  harmless  N2 from  the  stored  animal  slurry  and  farm-
yard  manure.  Soil  N accumulated  at an  average  rate  of  89 kg N  ha−1 yr−1, whereas  SOM  showed  a positive
trend  but  with  ﬂuctuations  from  year  to year  which  were  negatively  related  to  the  annual  rainfall  amount.
Despite  the lowered  protein  content  in  the  cow  diets,  average  annual  milk  production  increased  from
8100  tot  8700  kg cow−1. This could  be mainly  ascribed  to  a lower  cow  replacement  rate  due  to  less  animal
health  problems,  leading  to an  increased  average  lactation  number  of  the  dairy herd.  Overall,  the  obtained
environmental  side  effects  on the prototype  farm  in its  ﬁnal  experimental  state  were  already  below  the
targets  set  by  the  European  Union  with  respect  to  the  Nitrate  Directive  for the  year  2020.  It  is  concluded
that  when  the  best  ecotechnological  means  are  combined  in a balanced  mixed  farm  system  a multiple
win  situation  is  attained  in  terms  of  food  production  capacity,  cattle  health  and  environmental  quality.
© 2013 Royal Netherlands Society for Agricultural Sciences. Published by Elsevier B.V.. Introduction
Between 1950 and 1985, nutrient use efﬁciencies, i.e. the part
f the inputs that is exported with products, drastically decreased
n Dutch agriculture. For example, nitrogen use efﬁciency (NUE)
n Dutch dairy farming decreased from 46% in 1950 to 16% in
985 [1]. From these data, marginal NUEs of 20% and only 5%
ould be derived for concentrate-N and fertilizer-N, respectively
2]. Whereas a NUE of 20% for concentrate-N is within the expected
ange [3], the ﬁnding that about 95% of the incremental N applied
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with artiﬁcial fertilizers over this 35-year period was  not recov-
ered in milk and meat was  a shocking outcome of this analysis.
Although concrete data are not available, it can be excluded that
a signiﬁcant part of this unaccounted N was  accumulated in the
rooted soil layer. Main reasons for this are: (i) the gradual shift
from solid cattle manure to cattle slurry due to the introduction
of cubicle housing systems from the 1960s onwards, (ii) increased
frequency of reseeding grasslands, and (iii) lowering of groundwa-
ter tables due to better soil drainage and decreased ditch water
levels. All these changes in farm structure and farm manage-
ment during the considered period would have rather lead to a
decrease in soil organic N than to an increase. Consequently, nearly
all of the extra applied fertilizer-N ended up as environmental
losses.
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This tremendous reduction in on-farm NUEs could be mainly
scribed to the disintegration of traditional small-scale mixed farm-
ng systems into highly specialised and intensiﬁed arable and
ivestock farms that commenced in the 1950s. Specialisation and
ntensiﬁcation were promoted by cheap availability of chemical
ertilizers and concentrates on the one hand and increasing labour
nd farmland costs at the other, the so-called differentiating forces
4]. This resulted in economically feasible, but environmentally and
cologically suboptimal production systems.
In the early 1990s the EU became seriously concerned about the
nvironmental side effects of the excessive nutrient surpluses in
griculture, especially regarding nitrogen in livestock operations.
everal directives, such as the Nitrate Directive (91/676/EEC) of
0 mg NO3 L−1 in the upper soil water, were introduced. The Dutch
overnment replied on that by implementing the Mineral Account-
ng System (MINAS) [5] with gradually decreasing upper limits for
 and phosphorus (P) surpluses per ha of farmland on individual
nterprises. Consequently, farmers were forced to re-design their
ystems.
Against this background, in the autumn of 1995 the APMin-
erhoudhoeve (APM), a former experimental farm of Wageningen
niversity in Swifterbant, was redesigned from a traditional exper-
mental farm operating at individual crop and animal level into a
ully integrated mixed farm system with an area of 134 ha aiming
t systems innovation at whole farm level. With the exception of
 ha of permanent grassland around the farm buildings, all crops
ere incorporated in a 7-year rotation. The redesign of the farm
as representative for the Dutch soil-bound agriculture as a whole
n terms of milk production per ha, but the pig and poultry sectors
ere excluded because they were -and are still- mainly dependent
n feed imports from abroad. They are highly specialized and no
onger directly land related.
Mixed farming may  lead to more or less static external inputs
nd external outputs from year to year, but due to internal
edistribution of nutrients within the farm over space and time
nvironmental risks are still present [6]. The new mixed farm
esign was therefore ﬁne-tuned in such a way that it represented a
alanced system in terms of productivity (high), controlled on-farm
utrient ﬂows (closing the cycles as much as possible and reducing
eak ﬂows) and minimizing environmental impacts regarding soil,
ater and air quality by implying the best eco-technological means
o our knowledge in those times [2].
The main goal of the APM project was to develop a sustainable
ixed farm system with a high input efﬁciency by minimalizing
arm system N losses per unit product while maintaining or improv-
ng high yields per unit area and per animal. The subgoals were
ncreasing chemical soil fertility, improvement of biological soil
haracteristics and minimisation of pesticide use.
Four components of an integrated management strategy were
pplied to support these goals:
A) Inclusion of grass-clover leys (25% of farm area) in the crop
rotation.
B) Gradual replacement of fertilizers by atmospheric N2-ﬁxing
crops, and of concentrates by on-farm produced fodder and
by-products or remainders of other crops.
C) Reducing the N losses per unit product through improved
within-farm N cycling, a new slurry manure storage facility and
better manure application strategies.
) Increasing the soil organic matter (SOM) and N content by
manure compositon manipulation through diet adjustments
leading to an increased feed C:N ratio.
Along with these management changes integrated crop protec-
ion and improved animal husbandry practices were adopted.rnal of Life Sciences 66 (2013) 15– 22
There exist only a few studies in which all farm components
have been monitored in detail and at the same time their inter-
actions were studied to investigate the effects at the scale of the
entire farm. The experimental design in those studies was  a proto-
type farm as the framework for a whole farm system analysis [7–9].
Dairy farming system “De Marke” in The Netherlands is an exam-
ple of a prototype farm with predominantly livestock on a sandy
soil [8,10]. In these whole-farm studies system prototyping was
combined with system modelling to ﬁnd the best suitable strate-
gic decisions to contribute to the pre-established goals. In this way
large-scale effects of farm management strategies can be analysed
[7].
They demonstrated that N surpluses could be reduced and
NUEs be increased through the introduction of an integrated set
of improved management strategies. However, in all cases it was
concluded that a simple farm gate balance does not give sufﬁcient
insight in the underlying mechanisms and changes in on-farm pools
as well as the magnitude and routes of the established N losses.
Additional information on the N dynamics at various spatial scales
is therefore indispensible. With this knowledge, further improve-
ments in NUE at whole farm level can be realized [11]. For this
reason, the on-farm dynamics of N, including the topsoil, were
monitored in the APM project and regularly analysed throughout
the years. Motivated by the observed trends, elements of the mixed
farm system were subjected regularly to a mini-redesign in due
time [2].
In this paper a detailed description of the obtained results is
given at various space and time scales and an in-depth analysis is
done at the integrated farm level. In connection with this, the main
goals are evaluated and validated. The paper concludes with a scope
for further improvements in the future based on a scenario study.
2. Materials and Methods
2.1. Farm design
The APM farm was located near Swifterbant in Oostelijk
Flevoland, the Netherlands (52◦32′N, 5◦40′E). The project was exe-
cuted from autumn 1995 until spring 2002 on 134 ha of young
sedimentary calcareous silty loam soil (75% clay/silt), reclaimed
from the sea in 1957. The macropores present below the plough
layer originate from irreversible shrinkage during reclamation and
are both vertical and horizontal interpedal planar voids (cracks)
[12]. In the region the annual average rainfall was 850 mm and the
average temperature 9.5 ◦C.
The designed prototype mixed farm was  representative for the
Dutch soil-bound agriculture (1.9 million ha) in terms of selected
cultivated crops, milk production intensity (5500 kg ha−1 yr−1) and
livestock density (one livestock unit –LU- per ha, equivalent to a
550 kg dairy cow). The crop rotation was  based on a 45:55 area
ratio for feed and food crops, respectively. About 25% of the land
in rotation was  covered with highly productive grass-clover leys.
This is one of the advantages of a mixed farm system since they
have a great potential to increase the soil organic matter (SOM)
content and the indigenous soil N supply [2,13]. At the same time
the leys were the primary source of energy and nutrients in the
ruminant feed rations. The other feed crops were maize and win-
ter wheat, both harvested as silage. During one of the incremental
changes in the process of farm optimization the maize planted area
was decreased in favour of winter wheat. The initial starch degrad-
ability in the cow’s rumen is about four times higher for wheat
compared to maize, which improves its lactation performance [14]
and decreases the load of starch to be digested in the hindgut [15].
Besides, this might be beniﬁcial for cow’s health and its grazing
activity [16].
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Table 1
Livestock characteristics in the year 2001. One livestock unit (LU) corresponds with
one 550 kg dairy cow.
Dairy cows (LU) 91
Young cattle stock > 1 year (LU) 28
Young cattle stock < 1 year (LU) 9
Sheep (LU) 14














































sMilk fat (%) 4.3
Milk protein (%) 3.4
The food crops grown were potatoes, sugar beet, winter wheat,
pring barley, winter rapeseed and vegetables (peas, onions and
eans). The implemented broad crop rotation decreased the need
or the use of biocides. No nematicides were applied, which was
lready common practice in wide crop rotation schemes in Dutch
griculture in those days. Food crops harvested in late summer and
utumn were followed by yellow mustard as a catch and green
anure crop to reduce nitrate leaching risks in wintertime and to
ncrease the SOM supply.
The livestock component consisted of dairy cows, heifers, calves
nd sheep (Table 1). Grazing sheep are biological weed suppres-
ors, especially in newly-sown swards with seed-producing arable
eeds [17]. Besides, they are effective in cleaning the grazing
esidues left by the cattle. The dairy cows were grazing on a
ontinuously-stocked grass-clover pasture of 14 ha for 8 hours per
ay from April until October. In the cubicle houses they were addi-
ionally fed with ﬁbre-rich and low-protein feed products: silages,
traw and crop by-products. Straw was fed to improve the C:N ratio
nd the ﬁbre content of the diet prepared with feed mixing equip-
ent [18,19]. When possible, the daily ration of the dairy cows was
omposed in such a way that it just met  the intestinal digestible
rotein (DVE) requirements [20]. As a result, manure N excretion
as minimized without affecting animal performance in terms of
ilk yield and milk protein content.
Cattle slurry mixed with the bedding material (sawdust) was
craped several times a day from the ﬂoor in the cubicle house and
tored in a manure bag of 3000 m3. This storage facility is, besides
 cheap solution, also a way to reduce ammonia emission during
torage. During spring and summer the slurry was applied to the
rass-clover leys by using a slurry tanker ﬁtted with trailing shoe
quipment. Farmyard manure (FYM) was stored uncovered in a
oncrete bunker and applied to the arable land. In addition, artiﬁcial
ertilizers were applied to the arable crops and vegetables accord-
ng to the Dutch fertilizer recommendations by taking into account
he soil inorganic N content in spring [21]. Only in case of potatoes
he recommended amount was lowered with 100 kg N ha−1. The
ariety used was Aziza, a late one with long-living leaves, and the
eduction in the N application rate was based on the results from
 small-scale fertilization experiment (data available on request).
oil analyses showed that, also due to the regular application of
nimal manure, phosphorus and potassium were not in short sup-
ly, thus there was no need to apply these additionally in mineral
orm.
.2. Data collection
Many aspects of the farm performance were intensively mon-
tored from autumn 1995 onwards. The farm system boundaries
ere deﬁned as all the farmland excluding the ditches, but includ-
ng the upper 30 cm of the soil.
Crop yield data and the developments in time of biocide use
ere compared with regional data for the respective years.
The main components of the farm system, i.e. soil, crop, live-
tock and manure, were monitered in-depth throughout the wholernal of Life Sciences 66 (2013) 15– 22 17
experimental period in order to evaluate the achievement of the
pre-established goals. Based on this, annual farm gate N balances
and quantiﬁcation of the internal N ﬂows between the different
farm components could be established. To this end, all components
were analysed at different time scales for organic-N (Kjeldahl tech-
nique). For calculation of the soil organic matter content it was
assumed that it contains on average 58% organic carbon as deter-
mined with the Kurmies method [22]. Each spring, 30 soil samples
were taken in all ﬁelds up to a depth of 30 cm according to a zigzag
pattern. The subsamples were mixed into one compound sample
for analysis. In addition, every spring and autumn soil mineral-N
contents were recorded up to 90 cm depth. These samples were
analysed spectrophotometrically using a segmented-ﬂow system
(Auto-Analyzer II, Technicon). Milk samples were analysed every
three days for urea, fat and protein in the milk factory using
standard analytical procedures.
Annual inputs of N2-ﬁxation by the leguminous crops were set at
50, 120 and 250 kg N ha−1 for peas, beans and grass-clover mixtures
respectively. For the ﬁrst two  crops the common Dutch reference
values were used (source on request), whereas the annual biolog-
ical ﬁxation by the grass-clover leys was  set at 255 kg N ha−1 [23].
This was  justiﬁed by regular observations of the leys throughout
the years which learned us that the white clover plants always had
a good visual ground cover with values always greater than 50%.
Atmospheric N deposition was  based on available regional data and
taken as 28 kg N ha−1 yr−1 [24].
The yearly on-farm feed production (expressed as kg DM ha−1
and kg N ha−1) was  obtained from weighing and analysing the
offered amounts to the animals indoors on a daily basis and by
deriving its intake from the grazed swards by calculating the herd’s
energy and protein balance on a weekly basis. The food crops were
weighted prior to be exported from the farm and analysed there-
after.
Volatilisation, denitriﬁcation and leaching losses at farm scale
were further quantiﬁed based on regular measurements and
speciﬁc literature sources. Regarding animal manure, quan-
tiﬁcation of ammonia volatilisation and denitriﬁcation losses
required a distinction between slurry and farmyard manure (FYM).
Ammoniacal-N losses during grazing were based on interpola-
tion of the results obtained in ﬁeld experiments [25], whereas
those from slurry in the cubicle house of the dairy cows and FYM
for the other animal groups were determined following the pro-
cedures presented by Rotz and Oenema [26]. Gaseous N losses
during manure storage were estimated on a regular basis from
measured changes in the N:P ratio between animal excretion and
ﬁeld application (the excreted P is not prone to losses). Manure
total-P contents were determined according to the ICP-AES tech-
nique. During storage the ammonia volatilisation from slurry was
negligible, since the big manure bag was equipped with only two
small ventilation pipes and ammonia emission is a diffusion driven
process. For this reason, the established N losses here could be
fully ascribed to denitriﬁcation processes. The slurry stored in the
manure bag was  applied to the grass-clover leys using trailing shoe
equipment. Ammonia volatilisation losses after its application were
also based on the calculation tools established by Rotz and Oen-
ema  [26]. FYM was incorporated in the cropland immediately after
application and therefore volatilisation losses could assumed to be
negligible [27].
Nitrate leaching was quantiﬁed mainly by ditchwater analy-
sis. The three internal ditches on the farm without external water
inﬂow were used for this purpose. In addition, between autumn
1999 and spring 2001, the effect of ploughing of the large grazed
grass-clover ﬁeld on nitrate concentration in drain water was stud-
ied by sampling in total six drains after every rainfall event. For this
purpose, half of the ﬁeld was ploughed in autumn 1999. Nitrate was
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wo ﬁeld parts (three drains each) using a segmented-ﬂow system
Auto-Analyzer II, Technicon). Annual nitrate leaching losses from
he whole farm were calculated with data based on average nitrate
oncentrations in the ditchwater and the rainfall surplus. Rainfall
ata were obtained from the nearby weather station in Lelystad
28] and the mean annual evapotranspiration was set at 550 mm
r−1 [29].
Denitriﬁcation in the soil was the closing entry based on pub-
ished data for nearby locations on the same soil type [30].
. Results and Discussion
.1. Farm
The performance of the prototype farm together with its fur-
her developments were analysed over time to evaluate the level
f achievement of the main goals. To this end, the four state vari-
bles in the mixed farm system: soil, crop, animal and manure and
heir internal ﬂows were analysed in-depth.
The annual farm N balances were divided in two periods based
n the shift to more biological N2 ﬁxation after the 1998 replace-
ent of the remaining grass-only pastures into grass-clover leys.
fter the year 1998, N contents of the harvested crops started to
ecline, however yields remained high. As a consequence, total
arm N output declined slightly in the second period. The intro-
uction of white clover in all of the leys caused an almost doubling
f the contribution of biological N2 ﬁxation in the second period. In
ombination with a lower use of chemical fertilizers this led to a net
ncrease of 20 kg N ha−1 in the external inputs, but this was accom-
anied with lower farm system losses (from 55 to 42 kg N ha−1 yr−1;
able 2). Overall, the N losses per unit surplus decreased from 0.52
o 0.32 kg kg−1 and per unit output they were lowered from 0.63 to
.51 kg kg−1. However, the NUE of the whole mixed farm system,
xpressed as the output per unit purchased fertilizers and cattle
eed -thus excluding the free N suppliers as atmospheric deposi-
ion and ﬁxation- was maintained at the already high level of 73%.
his is a tremendous improvement compared to that in Dutch soil-
ound agriculture as a whole in the mid-1990s where it equalled
8% [31].
able 2
he average annual nitrogen balance (kg N ha−1 yr−1), system N losses and N efﬁ-
iency of purchased inputs during the years 1996–1998 (Lantinga et al., 2004) and
he  period 1999–2000 (this study). Relative ﬁgures between brackets.
96-’98 99-’00
External inputs
Chemical fertilizers 72 64
Atmospheric deposition 30 28
Biological N2 ﬁxation 38 72
Compost 3 2
Seeds etc. 2 2
Roughages and by-products 14 17
Concentrates 34 29
Total input (I) 193 213
Exported outputs
Sold crops 57 48
Sold milk 27 29
Sold cattle 4 6
Total output (O) 88 83
Surplus (I-O) 105 (100) 131 (100)
Net  accumulation soil 50 (48) 89 (68)
System losses 55 (52) 42 (32)
System losses per unit output (kg kg−1) 0.63 0.51
Output per unit purchased
fertilizers and cattle feed (kg kg−1) 0.73 0.73rnal of Life Sciences 66 (2013) 15– 22
3.2. Crops
Averaged over the years 1999 and 2000, food crop yields were
close to or above the average for the province of Flevoland [32].
Sugar beet yield was on average 67 Mg  ha−1 compared to 69 Mg
ha−1 for the whole province. Winter wheat yields reached 10.5 Mg
ha−1, more than 1.5 Mg  ha−1 higher than the average for the region,
whereas yields of spring wheat and summer barley were 8,0 and
7,0 Mg  ha−1, respectively, both about 1 Mg  ha−1 higher than the
regional average.
Crop sequence in the rotation was  chosen such that high soil
N demanding crops and N2-ﬁxing crops were alternated. An esti-
mated 40% of total N inputs to the soil was  supplied by biological
N2-ﬁxation. Before the implementation of the new farm design in
autumn 1995 biocide use was already declining in case of fungi-
cides. Over the years ‘96-’98 application levels of herbicides and
insecticides in terms of contents of active ingredients were not
deviating from the Dutch average of the grown crops for the period
‘95-’00 [33]. However, fungicide application was one third below
the Dutch average through the use of the best available supervised
control systems in those years.
3.3. Livestock
The dietary intake of dairy cows was  adjusted to the available
forages during the winter and summer period. The dry cows were
indoors mainly fed with on-farm produced silages (whole-crop
maize or winter wheat silage and grass-clover silage) and chopped
straw. In summertime they were grazing 24 hours per day in the
pasture. In the barn they were supplementary fed with protein
poor feed. During winter the dairy cow diet consisted mainly of
silages, concentrates and straw. The crude protein content of the
diet was  then on average 15%. In terms of structure the diet con-
tained more than twice the amount of recommended requirements.
The health of the cows improved considerably such that they could
stay on average until their 5th lactation, instead of a mean of 3,5
lactations before. As a consequence, the annual average milk pro-
duction per cow increased with more than 5% from 8,100 kg in 1996
up to 8,700 kg in 2001, while the protein and fat contents remained
unchanged at 3.4% and 4.3%, respectively (Table 1).
The young cattle spent about half a year outdoors and during
the indoor season they were fed with on-farm produced silages
and straw. Sheep were outside for about 10 months each year and
fed with hay and concentrates indoors around the lambing period.
In 1999, the N efﬁciency of the dairy herd was  recorded in detail
based on feed N intake and milk N secretion. Averaged over the
whole year, 27% of the ingested feed-N was  converted into milk
protein-N. Milk urea contents ﬂuctuated greatly between the end
of 1996 and early 2001, but in general they were lowest during
the winter period (Fig. 1). During the ﬁrst month of the barn sea-
son ‘98/’99 the dairy cows were offered an extremely low-protein
Figure 1. Milk urea content (mg per 100 g) between late summer 1996 and late
winter 2001.





























(igure 2. Time pattern of the C:N ratio in the dairy cow slurry between autumn
996 and spring 2001.
iet, but with a sufﬁcient DVE coverage in order to avoid reductions
n milk production due to an insufﬁcient availability of absorbable
rotein in the small intestine [20]. The fact that indeed no reduc-
ions in both milk production per cow and milk protein content
ere observed during this month demonstrated the robustness of
his feed protein evaluation system. However, milk urea contents
ropped down to 6 mg/100 g (Fig. 1) while the general belief in the
arly 2000s was that they should not be lower than 20 in order to
void animal health risks. As a result of this strict reduction in pro-
ein intake of the dairy herd, the slurry C:N ratio reached a peak
alue of 16 (Fig. 2). On average the C:N ratio of slurry was about 11,
hich was almost two times higher than in Dutch dairy farming
2]. During the whole observed period, an average content of 20 mg
rea (100 g)−1 milk was measured in the milk, one third below the
utch average of those times [34].
The grass-clover leys had a good production capacity as a result
f the daily restricted grazing period on a large area (hardly any
ward damage). The sward was fertilised with slurry only (110 kg
 ha−1 yr−1). In addition, animal excretion in the pasture (150 kg
 ha−1 yr−1) and biological N2 ﬁxation (255 kg N ha−1 yr−1) con-
ributed to a high N input level from organic sources (Fig. 3).
owever, leaching losses were only 5 kg N ha−1 yr−1, correspond-
ng with concentrations of on average 2 mg  NO3-N per liter in
he drain water (Fig. 7) [35]. The low N losses were accompanied
ith an average measured accumulation of total soil-N of 250 kg
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igure 3. Flow diagram of the average nitrogen ﬂuxes in the grazed grass-clover ley
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the following crop in the rotation scheme after ploughing out the
grass-clover sward.
3.4. Soil
The soil functioning determines the net availability and plant
uptake of N. Nearly 80% of the total N inputs were applied to and/or
taken up by the soil-crop system of which 60% was  obtained from
free N suppliers in the second period (Table 2). Soil management
had an important inﬂuence on the routes of N in the soil. N is
partly taken up directly by the crop, partly assimilated in SOM and
partly lost to the environment [36]. During the ﬁrst three years the
average farm SOM content in the 0–30 cm topsoil layer increased
linearly from 3.4% to 3.6% (Fig. 4a). Hereafter, the SOM content ﬂuc-
tuated around 3.55% during the next three years and decreased to
3.45% in the last year. These changes appeared to be closely neg-
atively related with the amount of precipitation in the preceding
365 days (Fig. 4b). A linear regression analysis revealed that at a
precipitation level of 870 mm the tipping point to decreasing SOM
contents was approached. However, the picture for the changes in
soil N stock was  quite different. With some ﬂuctuations a conti-
nous linear increase in the farm soil N content (0–30 cm layer) was
observed over the 7-year period which was equivalent to a rate of
89 kg ha−1yr−1 (Table 2; period 2). During the ﬁrst period this rate
had to corrected for the more or less linear decrease in soil min-
eral N content of about 40 kg ha−1yr−1 in the rooted 0–90 cm layer
(Fig. 5). At the start of the experiment the soil mineral N levels even
exceeded 200 kg ha−1 (Fig. 5), reﬂecting the overuse of chemical N
fertilizers before the implementation of the prototype mixed farm
system. After three years the soil mineral N content had declined
to below 100 kg ha−1 and the share of biological N2-ﬁxing crops in
the rotation was  increased to ensure a sufﬁcient N availability for
attaining high crop yields. As a rule of thumb it has been proposed
that the maximum acceptable amount of mineral N present in soil
at the onset of winter is 70 kg N ha−1 to comply with the EU Nitrate
Directive [37]. This level was  reached from autumn 1998 onwards
and conﬁrmed this guideline (Figs. 5 and 6).
3.5. System losses
The undesired N outputs that crossed the farm boundaries were
deﬁned as the losses of the farm system, i.e. ammonia volatilisation,
and denitriﬁcation and leaching of nitrates. For the period ‘99-’00
these losses are speciﬁed in detail below.
3.5.1. Volatilisation and denitriﬁcation of manure N
Manure is susceptible to ammonia volatilisation and after nitriﬁ-
cation to denitriﬁcation. The dairy cows produced manure collected
as slurry and the young cattle and sheep produced manure col-
lected as FYM. The grazing period for all animals together was
on average one third of the year. In the pasture urine and dung
excretion is separated and highest amounts of NH3-N are found
in urine [26]. Since urine inﬁltrates quickly in the soil, ammonia
losses are limited. Therefore, the manure excreted in the pastures
caused ammonia volatilisation losses of only 1 kg N ha−1 yr−1 as
an average over the whole farm area (Table 3). During winter and
after each daily grazing session the dairy cows were kept in the
cubicle houses. The manure was  mixed with the bedding materials
which increased the C:N ratio and reduced ammonia volatilisation
risks. It was  derived from changes in manure N:P and C:P ratio’s
that 7% of the total ammonial N (TAN) and 15% of all of the C
was lost during slurry storage. FYM was stored uncovered which
caused 12% gaseous N losses [26]. At farm level, in total 25 kg N
ha−1 was  lost yearly from the excreta collected in the barn up to
and including ﬁeld application, mainly in the form of NH3 and N2
(Table 3).
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Figure 4. Time pattern of a number of soil characteristics for the whole farm (0–30 cm layer) between 1996 and 2002. Presented values are ﬁeld averages for the whole farm
and  were adjusted for size differences between individual ﬁelds. (a) SOM (%); (b) relationship between yearly change in SOM (%) and total precipitation in the preceding 365
days;  (c) total soil-N (%); (d) soil C:N ratio.
Figure 5. Soil inorganic nitrogen content between 1995 and 2000 (0–90 cm layer).
Presented values are ﬁeld averages for the whole farm and were adjusted for size
d
Figure 6. Concentration of NO3-N (mg  L−1) in the ditchwater of the three internal







eifferences between individual ﬁelds.able 3
alculation of the annual average farm N losses for the period 1999–2000 and according 
1999–2000 Scenario
kg  N ha−1yr−1 kg N ha−
Manure emission
Animal housing 10 7 
Manure storage 9 7 
Field application 6 3 
Grazing 1 2 
Soil denitriﬁcation 1 1
Leaching 15 10
Total N losses 42 30
Based on Rotz and Oenema [26] for a low protein diet.
Slurry N losses during storage were 7% as calculated from changes in N:P ratio’s during 
Based on Bussink for a low protein diet [25].
Based on Roelandt et al. [30].
Calculated from the rainfall surplus multiplied by nitrate-N concentration in the ditchwa  maximum concentration of 11.3 mg  N L−1.to the scenario study for the projected stabilisation phase.
 Calculation method Products
1yr−1
10% of TANa NH3
10% of N-totalb mainly N2
10% of TANa NH3
3% of N excretac NH3
d N2O, N2
e NO3−
storage and 12% from farmyard manure based on Rotz and Oenema [26].
ater (see text).











































oigure 7. Concentration of NO3-N (mg/L) in the drain water of the grazed grass-
lover ley. Half of the ﬁeld was ploughed in November 1999.
.5.2. Leaching and denitriﬁcation of soil N
The biggest contribution to the system N losses was caused
y ﬁeld nitrate leaching. In the winter period ‘97-’98 the average
itrate concentration in the ditchwater exceeded the maximum
llowable contration of 11.3 mg  NO3-N L−1 according to the EU
itrate Directive (Fig. 6). However, in the years thereafter this
reshold value was only surpassed incidently at farm level. How-
ver, at ﬁeld level especially the underploughing of the grass-clover
ey in autumn caused high nitrate concentrations as measured in
he drain water and these were still apparent one year later (Fig. 7).
n the winter of ‘01-’02 the average nitrate concentration in the
itches was decreased to about 4.5 mg  L−1, which is even lower
han the critical level as formulated by the longer term EU Nitrate
irective of 5.6 NO3-N mg  L−1. Based on the rainfall surplus and
he estimated soil water holding capacity the total farm leaching
osses amounted to 15 kg N ha−1 in period 2 (‘99-’00; Table 3).
Soil denitriﬁcation was estimated as the closing entry to match
he system losses as calculated by the farm N balance given in
able 2. This equalled to a mere 1 kg N ha−1 yr−1 (Table 3), which
alls within the lower range as measured on a nearby location on
he same soil type [30]. Such low values are plausible due to cracked
ature of the soils in this area causing rapid drainage to the ditches
hrough by-pass ﬂow.
.5.3. Sum of losses
The total N losses caused by volatilisation, denitriﬁcation and
eaching were 42 kg ha−1yr−1 for the period 1999–2000 (Table 3)
ith respective shares of 40%, 25% and 35%.
. Further improvements: a scenario analysis
The gradual optimization of the N ﬂows within the designed
ixed farm system demonstrated that considerable steps forward
ould be achieved regarding reduced system N losses per unit area
hilst maintaining or even improving crop and livestock produc-
ion levels. Key elements were the inclusion of grass-clover leys, the
ransition to protein-poor and ﬁbre-rich animal diets, a keen crop
otation and a strict ﬁne-tuning of the use of chemical fertilizers at
he individual crop level.
The obtained results did not reach a stabilised situation yet at
he end of the experiment. According to a scenario analysis, fur-
her ﬁne-tuning may  lead to another 30% reduction of the N losses
er unit area without sacriﬁcing the farm output (Table 3). This is
utlined below.
There are a lot of actors inﬂuencing the quantity and routes of
 losses from animal excreta. Ammonia volatilisation is inﬂuenced
y stocking rate [25], grazing time [38], animal diet [18], animal
ousing [26], time of manure application and application technique
38]. Extending the grazing season of the dairy cows reduces the
verall losses from the excreted manure, since volatilisation in thernal of Life Sciences 66 (2013) 15– 22 21
cubicle houses exceeds volatilisation in the pasture. Less time spent
in the barn goes along with less manure to be stored as a mixture of
urine and faeces and consequently less N will be lost at farm level.
Timing and technique of manure ﬁeld application have sub-
stantial effects in controlling ammonia volatilisation. Trailing shoe
equipment was used for slurry application throughout the experi-
ment, but by applying injection techniques ammonia losses will be
further reduced [38]. If about 50% of available slurry is injected in
the pasture soils, less N will become available for the clover plants
and they will be forced to ﬁx more atmospheric N2. There is experi-
mental evidence that on clay soils in the Netherlands clover ﬁxation
can be as high as 400 kg N ha−1 yr−1 [39]. In order to reduce the
use of chemical fertilizers further, the other 50% of the slurry is
incorporated in the arable ﬁelds for growing annual non-legume
crops.
During the experiment leaching losses did not stabilise yet
(Fig. 6) and there was  still a decreasing time trend for soil min-
eral N (Fig. 5). Besides, timing of incorporation of leys has been
shown to have a large inﬂuence on nitrate leaching [40]. It has been
demonstrated that on clay soils it is possible to postpone plough-
ing activities from the autumn to the next spring by ploughing
at reduced soil depths of about 15 cm [35]. For this purpose the
reversible 7-bottom ecoplough was  developed by Rumptstad, Stad
aan ‘t Haringvliet, The Netherlands. In this way  leaching losses will
be greatly reduced, especially from ploughed-out grassland ﬁelds,
since the released mineral N will be taken up by the crop sown or
planted directly after the soil cultivation activities. Besides, SOM
will be concentrated more in the soil top layer leading to a quicker
plant availability of soil nutrients, especially N, and capillary rise
of soil water will be improved through maintenance of the soil
structure below the 15 cm ploughing depth.
Following the observed trends and the foreseen developments,
it might be expected that in the stabilisation phase N leaching losses
are reduced to about 10 kg N ha−1 yr−1 (Table 3). Total system losses
will then be restricted to about 30 kg N ha−1yr−1, and N losses per
kg N output are minimised to 0.36 kg kg−1.
5. Conclusion
The development of this integrated system, using the best eco-
technological means to our insights and expectations, proved that
high productivity can be well combined with low environmen-
tal side effects. In principle a three wins’ situation was attained:
high productivity (economic objective), low nitrogen emissions and
reduced use of biocides (environmental goals) and longer living ani-
mals (animal health and welfare). The results of this project can be
used as a role model for many farms in The Netherlands and abroad.
It may be seen as one of the ways forward for ecological literacy, no
dogmatism but well deﬁned objectives that are served by contin-
uously upgrading its system functioning. In this way we were able
to reduce the farm system N losses per unit N output from 0.63 kg
kg−1 in the ﬁrst years to 0.51 kg kg−1 in the second period and a pro-
jected level of 0.36 kg kg−1 in the stabilisation phase. It is foreseen
that the increased animal health and the high productivity of the
feed and food crops following the implementation of the best eco-
technological means will also result in the best economical means
in the long term.
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